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pine bark using choline based ionic liquid
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Abstract
BACKGROUND: The objective of this studywas to quaternize pine bark (PB)wood residues using green chemistry and to use the
quaternized PB to remove nitrate (NO3−) from water. The quaternization process was achieved by reacting the wood residues
with an ionic liquid analogue comprised of a choline chloride derivative andurea. Batch adsorption testswere used to delineate
the NO3− uptake by the modified pine bark (MPB). Fourier Transform Infrared Spectroscopy (FTIR) analysis and Zeta potential
measurements were used to characterize the changes at the surface of the PB due to quaternization and NO3− uptake.
RESULTS: The MPB has a maximum NO3− uptake capacity of 2.91mmol g−1. The NO3− uptake kinetics indicated that diffusion
through the boundary layer of the MPB was the rate limiting step. The Langmuir adsorption model provided a better fit for
the uptake data than the Freundlich model, indicating monolayer adsorption. The uptake process was found dependent on
concentration, pH and ionic strength, and was also spontaneous and exothermic. The desorption–regeneration experimental
results indicated a 95% efficiency after five consecutive regeneration cycles.
CONCLUSIONS: The quaternization technique was found very effective for developing effective and green anion exchange
resins to remove NO3− fromwater.
c© 2012 Society of Chemical Industry
Supporting informationmay be found in the online version of this article.
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INTRODUCTION
Moderate nitrate (NO3−) concentrations are found in various
types of agricultural, industrial and domestic wastewater streams.
However, the excessive use of fertilizers, crop irrigation with
domestic wastewater and runoff from small animal farms where
manure is stock-piled, could lead to the enrichment of NO3−
concentration above regulatory levels. This may lead to serious
environmental problems, such as eutrophication, and severe
health problems including cancer and various infectious diseases.1
NO3− is present in water in the form of highly soluble
salts, thus conventional water treatment practices such as
coagulation, sedimentation, chlorination or pH adjustment with
lime application are not effective for NO3− removal from water.2 In
recent years, various types of ion exchange resins and adsorbent
materials have been tested for the removal of NO3− from
water and wastewater.3 – 5 However, the major problem with the
commercially available anion exchange resins and other sorbents
is their high cost. Various low-cost by-products from agricultural
and wood industries have been investigated as cheap, effective
and environmentally safe means to remove nitrates and various
other anionic contaminants from water with varying results.6 – 9
Studies have also examined the quaternization of lignocellulosic
materials in order to increase the NO3− uptake capacity of these
materials. The quaternization is achieved by cross-linking the
agricultural residues (AR), then quaternizing them with various
amines.10 Sˇimkovic et al.11 successfully prepared weakly and
strongly basic ion exchangers by cross-linking sugar cane bagasse
with Epichlorohydrin–NH4OH and Epichlorohydrin–Imidazole,
respectively. Baes et al.12 used amine-modified coconut coir to
remove NO3−, chromium, arsenic and selenium anions from
groundwater. The amine modified coconut coir exchanger was
initially chlorinated using thionyl chloride and the amine groups
were introduced in a subsequent amine-substitution reaction
using dimethylamine reagent in a basic medium. Orlando
et al.8 prepared various modified AR using epichlorohydrin
and dimethylamine in the presence of pyridine and N,N-
dimethylformamide. The NO3− removal capacity of the modified
rice hulls was similar to the removal capacity of the commercial
anion exchange resin Amberlite IRA-900 at 1.20 mmol g−1,
whereas the removal capacity of the other AR was above
0.77 mmol g−1. However, all of the above techniques make use of
hazardous solvents or reagents to prepare the biosorbents.
This research utilizes green chemistry to quaternize pine bark
wood residues. The quaternized residues are then used as anion
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exchange resins to remove NO3− from water. The quaternization
process is achieved by reacting the wood residues with an ionic
liquid analogue in the presence of imidazole. The ionic liquid
analogue is comprised of a mixture of choline chloride derivative
and urea. The use of choline chloride derivative and urea for
the quaternization process has the advantage of using non-toxic
reagents in addition to using the solvent as both reagent and
solvent.
MATERIALS ANDMETHODS
Materials
All chemical reagents used in this study are of A.C.S. or better
grade quality. The NO−3 -N stock solution was prepared by
dissolving the prescribed amount of potassium nitrate (KNO3)
(Fisher Scientific) in dionized water. Imidazole and 2-chloroethyl
trimethylamonium chloride reagents were obtained from Sigma
Aldrich and urea was obtained from Fisher Scientific. The raw
pine bark (PB) was obtained from Drew’s Violets, Comstock,
MI, USA.
Adsorbent preparation
The cellulose content of the PB sample was determined at 29.9%
using the Anthrone Method,13 whereas the lignin content was
measured at 40.5% using the Klason Method.14 The hemicellulose
content was determined at 18.1% using the Preece method.15
The raw PB was milled in a Wiley mill (Thomas Scientific,
Swedesboro, NJ) where the 10–20 mesh fractions were retained.
The quaternization process was conducted using an ionic liquid
analogue. The ionic liquid analogue was prepared by mixing
12.96 g (0.08 mol) chlorocholine chloride (ClChCl) with 10.27 g
(0.17 mol) urea. The mixture was heated with a Thermolyne
Mirak
TM
hotplate, at 75 ◦C and stirred occasionally for 30 min.16
After mixing, the ionic liquid was cooled to room temperature. The
quaternization was commenced by adding 0.1 g of PB to 5 mL of
ionic liquid analogue followed by 0.392 g (5.7 mmol) of imidazole.
The mixture was heated in a Fisher Scientific HiTemp Oil Bath
at 150 ◦C for 15 h and then was allowed to cool down to room
temperature. Finally, the quaternized PB was extracted from the
ionic liquid analogue and washed with water. A schematic diagram
of the quaternization process is included in the supplementary
data.
FTIR studies
Transmission mode FTIR (Fourier Transform Infrared Spectroscopy)
analysis of the unmodified pine bark (UPB), modified pine bark
(MPB) and the nitrate-absorbed MPB was carried out using
a ThermoNicolet Nexus 670 diffractometer equipped with a
Centaurus microscope. The nitrate-sorbed MPB samples were
prepared by mixing 1.5 g L−1 sorbent with 200 mg L−1 NO3−-
N solution in 30 mL bottles for 2 h at 25 ◦C. The nitrate-sorbed
samples were separated from the supernatant using 0.45 µm
filters. All samples were oven-dried overnight at 80 ◦C. The spectra
were collected at a resolution of 4 cm−1 and 128 scans.
Zeta potential
The Zeta potential experiments were conducted using 1.5 g L−1
MPB or UPB suspensions in the presence and absence of 200 mg
L−1 NO3−-N solution. The samples were mixed in 30 mL bottles
placed on a rotator at 200 rpm for 2 h at 25 ◦C. After mixing,
the equilibrium pH of the samples was measured and aliquots
of the equilibrated suspensions were collected into clear deposit
cells after passing through 11 µm filter paper (Whatman No 1).
The filter pore size was selected based on the Malvern Zetasizer
particle size range limitation for Zeta potential measurement
between 5 nm and 10 µm. Zeta potential was measured using a
Zetasizer Nano series instrument (Malvern, Worcestershire, UK).
The Helmholtz–Smoluchowski equation was applied to convert
measured electrophoretic mobilities to ζ -potential. All samples
were prepared in duplicate.
Batch experiments
Preliminary batch adsorption tests were conducted to determine
the optimum MPB loading to be used in the sorption tests. The
experiments were carried out in 30 mL plastic bottles containing
200 mg L−1 NO3−-N solution and incremental amounts of MPB.
The ionic strength of the solution was fixed at 0.01 mol L−1
using NaCl before the bottles were capped and placed on a G24
Environmental Incubator Shaker (New Brunswick Scientific Co.
Inc., Edison, NJ) at an agitation speed of 200 rpm for a period of
24 h. After mixing, the samples were filtered using 0.45 µm and the
concentration of NO3−-N in the supernatant was determined using
the Dimethylphenol Method.17 After determining the optimum
sorbent loading, kinetic batch experiments were conducted in
30 mL plastic bottles using NO3−-N solutions of 100, 200 and
300 mg L−1 at the optimal sorbent dosage. After mixing for 2 h the
samples were filtered using 0.45 µm filters and the supernatant
was analyzed for NO3−-N (preliminary experiments showed that
the reaction reached equilibrium in less than 2 h). Similarly, batch
adsorption tests were conducted to construct the NO3− uptake
adsorption isotherms. The adsorption isotherm experiments were
conducted using NO3−-N concentrations ranging from 0–480 mg
L−1 at the determined optimum sorbent dosage. Finally, the effects
of pH, ionic strength and temperature were examined using similar
batch tests techniques. Solution pH was adjusted using sodium
hydroxide (NaOH) or hydrochloric acid (HCl). The values of the
partition coefficient Kd and uptake capacity qt were calculated
as:
qt = (C0 − Ce) ∗ V
m
(1)
Kd = (C0 − Ce)
Ce
∗ V
m
(2)
where: C0 = initial concentration of NO3−-N (mg L−1)
Ce = equilibrium concentration of NO3−-N (mg L−1)
V = is the volume of the solution (L) and
m = is the MPB dosage (g)
Desorption and reusability studies
For the desorption experiments, 20 mg of the spent sorbent was
treated with 25 mL of various concentrations of NaCl solution,
allowed to equilibrate for 2 h, then filtered and the NO3− content
was determined. The spent sorbents for this study were prepared
by equilibrating 0.15 g MPB with 100 mL NO3−-N solution (200 mg
L−1) for 2 h. In order to determine the reusability of MPB,
consecutive sorption–desorption cycles were conducted five
(5) times with the same sorbent using fresh NO3−-N solution
(200 mg L−1). The spent sorbent was dried and weighed after each
cycle to check for weight loss. Regeneration of the sorbent was
carried out using 0.2 mol L−1 NaCl. All samples were prepared in
duplicate.
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RESULTS ANDDISCUSSION
FTIR studies
FTIR analysis was conducted to characterize the PB surface
upon quaternization and NO3− uptake. The FTIR spectra of the
UPB, MPB and the NO3− loaded MPB are shown in Fig. 1. The
strong asymmetric band at 3380 cm−1 for the UPB spectrum
can be attributed to the contribution from hydrogen-bonded
O–H stretching vibration of polymeric compounds especially
polysaccharides.7 The band at 2916 cm−1 is assigned to C–H
stretching from CH2 group and especially alkenes, 1626 cm−1
is an indication of COO, C O indicates bending vibration of
adsorbed water, while the band at 1259 cm−1 can be attributed
to carboxylic acid vibration.18 Upon quaternization, the intensity
of the broad band at 3380 cm−1 was significantly reduced. This
indicates functionalization of the methyl hydroxyl groups with
chlorocholine chloride and that a large number of −OH groups
of the cellulose structure were destroyed during the reaction.
Moreover the additional peaks at 1468 cm−1 and 1031 cm−1 in
MPB indicate the presence of aliphatic C–N vibration and −CH2-
N+H(CH3)2 functional group respectively. Additionally the broad
band observed at 1060 cm−1 can be attributed to the skeletal
vibration of quaternary ammonium salt.7,19
The peak at 1301 cm−1 for the NO3− loaded MPB spectrum is
assigned to the asymmetric N–O stretching mode of the nitrate,
whereas the new peaks that appear at 1360, 1435 and 1472 cm−1
can be assigned to nitrate adsorption onto MPB.20 Finally the
peak at 1350 cm−1 can be attributed to the nitrate antisymmetric
stretching.21
Zeta potential
The effect of PB modification with the quaternary amine functional
group and the effect of pH on the surface charge were
investigated using UPB and MPB suspensions in the presence and
absence of 200 mg L−1 NO3−-N. The results of the zeta potential
measurements are presented in Fig. 2. The Zeta potential values
for the MPB were greater than those for the UPB, over the entire pH
range (4–11). The zeta potential for the UPB decreased from −20.1
to −47.0 mV as pH was increased from 4.4 to 11.0, whereas the zeta
potential for the MPB decreased from +27.1 to −33.6 mV as pH
was increased from 4.4 to 11.0. It appears that the incorporation
of the quaternary amine functional groups into the PB resulted
in an increase in the surface charge. Upon NO3− uptake by the
MPB, the Zeta potential values decreased. The decrease in the
surface charge indicated neutralization of the quaternary amine
functional groups positive charge by the adsorbed NO3−.
Batch test results
Effect of sorbent dosage
Preliminary batch tests were conducted to determine the optimal
MPB dosage to be used in the adsorption studies. The partitioning
coefficient Kd and sorption capacity qe were plotted versus
liquid-to-solid ratio as shown in Fig. 3. Contrary trends were
observed for qe and Kd . The partition coefficient Kd increased
from approximately 175 mL g−1 at liquid-to-solid ratio of 0.5 g L−1
to approximately 182 mL g−1 at liquid-to-solid ratio of 5 g L−1,
whereas the maximum value for qe decreased from approximately
33 mg g−1 at liquid-to-solid ratio of 0.5 g L−1 to approximately
19 mg g−1 at liquid-to-solid ratio of 5 g L−1. As a result, the
intersection point of the two curves was found approximately
at the liquid-to-solid ratio of 1.5 g L−1. Therefore, 1.5 g L−1 was
used in all batch tests. The UPB did not show any significant nitrate
removal.
Effect of contact time and initial concentration
The sorption of NO3−-N onto MPB was studied as a function
of contact time for various NO3− concentrations and the results
are presented in Fig. 4. It appears that NO3− adsorption takes
place in two distinct steps: a relatively fast one continuing up
to approximately 5 min followed by a slower one that leads
to the equilibrium state. The high initial uptake rate can be
attributed to the higher number of active sites available for NO3−
sorption at the beginning of the process.22 The increase in NO3−-N
concentration resulted in an increase in the adsorption capacity.
The amount adsorbed at equilibrium increased from 22.3 mg g−1
to 35.3 mg g−1 as the NO3−-N concentration increased from 100
to 300 mg L−1. The higher adsorption capacity is most likely
due to the increase of NO3− diffusion from the bulk solution to
the adsorbent and the higher driving force of the concentration
gradient.23
The experimental data of 200 mg L−1 NO3−-N was fitted by
two kinetic models, a pseudo-first order (Equation (3)) and a
pseudo-second-order (Equation (4)).
ln(qe1 − qt) = ln qe1 − k1t (3)
t
qt
= 1
k2q
2
e2
+ t
qe2
(4)
where qt (mg g−1) is the average uptake at time t, qe1 and qe2 (mg
g−1) represent the equilibrium uptake, k1 (min−1) is the pseudo-
first order reaction kinetic rate constant, k2 (g mg−1 min−1), is the
pseudo-second order rate constant and t (min) is the adsorption
time.
The qe1 and k1 values for the pseudo-first order kinetic model
were determined by minimizing the sum of the squared residuals
using the Microsoft Excel Solver tool. The estimated qe1 and k1
values are shown in Table 1. Theqe1 values were similar to the ones
determined experimentally and the (R2) values > 0.856 indicated
a relatively good fit. For the pseudo-second order kinetics model,
the equilibrium sorption capacity (qe2) and the rate constant (k2)
were calculated from the slope and intercept of the straight line
described by Equation (4). The calculated qe2 values were also
very close to the experimentally determined ones with (R2) values
> 0.999 indicating a better fit. It appears that the reaction rates for
the pseudo-second order kinetics model are more responsive to
temperature than those for the pseudo-first order kinetic model.
Therefore, it appears that the pseudo-second order kinetic model
is a better fit for the experimental data.
In order to further delineate the reaction mechanisms at the
surface of the sorbent, an intraparticle diffusion model was used
to assess the intraparticle diffusion of the adsorbed NO3− anions
from the surface of MPB to the adsorption sites inside the pores of
the sorbent:24
qt = kidt0.5 (5)
where, kid is the intra-particle diffusion rate constant (mg g−1
min−0.5).
Intraparticle diffusion generally involves three steps, where
one or any combination of them can be the rate-controlling
mechanism. The first step is the mass transfer across the external
liquid boundary layer, the second is the adsorption at a site on
the surface, and the third one is the diffusion of the adsorbate
molecules on an adsorption site through the liquid-filled pores or
the solid surface.25 If the rate-limiting step is intraparticle diffusion,
the plot of the sorbed solute against the square root of the contact
time should yield a straight line passing through the origin.26
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Figure 1. FT-IR spectra of UPB, MPB and nitrate-adsorbed MPB.
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Figure 2. Zeta potential for UPB and MPB.
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Figure 3. Effect of sorbent dosage on NO3−-N uptake by MPB.
The plot of qt versus t0.5 for the three different concentrations
at T = 20 ◦C (Fig. 5) was not linear over the entire range, which
indicated that intraparticle diffusion is not the rate-limiting step
in the sorption process. All three plots showed three straight
segments indicating three separate steps taking place at the
surface of the sorbent. The first one, marked by a steep slope
at early times is attributed to the diffusion of NO3− through the
solution to the external surface of adsorbent. The second portion
described the gradual adsorption stage, where intraparticle
diffusion is rate limiting. The third portion is attributed to the
final equilibrium stage for which the intraparticle diffusion starts
to slow down due to the extremely low NO3− concentration left
in the solution.27
The pseudo-second order rate constants (k2) were also used to
calculate the activation energy (Ea) of the sorption process using
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Figure 4. Effect of contact time on NO3−-N uptake by MPB.
the Arrhenius equation:
lnk2 = lnA − Ea
RT
(6)
where A is the pre-exponential factor and R is the universal gas
constant (8.314 J mol−1K−1). Ea was found to be 8.4 kJ mol−1. This
value falls within the 8–16 kJ mol−1 energy range associated with
ion-exchange sorption.28
Effect of pH on nitrate removal
The effect of pH on NO3−-N sorption capacity is shown in Fig. 6. It
appears that the maximum removal rate was obtained in the pH
range 5.0–8.0. When pH>8 there appears to be an accelerated
decrease of nitrate removal rates which can be attributed to the
competition between the hydroxide groups and NO3− anions for
the active MPB sites29 and the decrease of electrostatic attraction
between the NO3− anions and the MPB surface.30
Table 1. Kinetic parameters for NO3−-N adsorption (C0 = 200 mg L−1)
First Order Equation Pseudo-second Order Equation Intraparticle diffusion Experimental
NO3−-N (200 mg/L) qe1 (mg g−1) k1 (min−1) R2 qe2 (mg g−1) k2 (g mg−1min−1) R2 kid (mg ·g−1·min−1) qe (mg g−1)
T = 20 ◦C 31.3 0.086 0.969 31.7 0.0232 0.999 8.64 31.3
T = 40 ◦C 30.0 0.085 0.956 30.3 0.0283 0.999 8.41 30.0
T = 60 ◦C 28.3 0.112 0.856 28.7 0.0351 0.999 8.19 28.3
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Adsorption isotherm
Adsorption isotherms were constructed for the nitrate removal
by the developed sorbent. The NO3− uptake versus equilibrium
NO3− concentration in solution was plotted at 20 ◦C, 40 ◦C,
and 60 ◦C (Fig. 7). The NO3− uptake capacity increased as
the NO3− concentration increased and as the temperature
decreased. For example, the NO3− uptake capacity increased from
approximately 1.5 mmol g−1 at NO3− concentration of 50 mg L−1
to approximately 3 mmol g−1 at NO3− concentration of 400 mg
L−1, and at temperature of 20 ◦C. The sorbent NO3− uptake
capacity is on the same order as that for the commercial resin
Amberlite IRA-900 at 1.2 mmol g−1.
Freundlich and Langmuir models were used to describe the
equilibrium uptake data. The Freundlich model31 is an empirical
relationship which describes the sorption of solutes from a liquid
to a solid surface and assumes that the adsorbent surface has
multiple adsorption layers with the adsorption energy varying
among the adsorption sites. The linear equation of the model is
given by the following equation:
lnqe = lnKF − 1
n
∗ lnCe (7)
The Langmuir model assumes monolayer adsorption on a
surface containing a fixed number of binding sites. The maximum
adsorption occurs upon monolayer saturation with no interaction
occurring between the adsorbed sites. The linearized equation
of the Langmuir sorption model32 is expressed by the following
equation:
Ce
qe
= 1
bqm
+ Ce
qm
(8)
where qe (mg g−1) and Ce (mg L−1) are the equilibrium concentra-
tions of NO3−-N in the solid and liquid phase, respectively, qm (mg
g−1) is the measure of Langmuir monolayer sorption capacity, b (L
mg−1) is the equilibrium constant. KF [mg/g(L/mg)1/n] and n are
characteristic constants related to the relative sorption capacity of
the sorbent and the intensity of sorption, respectively. The correla-
tion coefficients (R2) and corresponding parameters are presented
in Table 2. It appears that the Langmuir model provided higher
correlation coefficients than the Freundlich model, and therefore
a better fit to the sorption data. These results indicated that the
adsorption process was most likely monolayer on a surface with
finite number of binding sites.
Effect of ionic strength on nitrate removal
The effect of the solution ionic strength on NO3−-N removal was
tested in batch experiments using 1.5g L−1 MPB and 200 mg L−1
NO3−-N solution. The ionic strength was adjusted by changing the
NaCl concentration. The results showed that the amount of NO3−
ions adsorbed decreased as the ionic strength increased (Fig. 8).
The NO3−-N uptake decreased from approximately 33 mg g−1 to
approximately 18 mg g−1, as the ionic strength increased from 0
to 0.040 mol L−1. The competition between increasing Cl− ions
and NO3− ions for the active sites on MPB might be responsible
for the decrease.6
Table 2. Isotherm parameters for Langmuir and Freundlich equations
Freundlich equation (q = KC1/n) Langmuir equation (q = qmbC/(1 + bC))
NO3−N KF [mg/g(L mg−1)1/n] n R2 qm (mg/g) b (L mg−1) R2
T = 20 ◦C 1.49 2.06 0.955 46.9 0.015 0.999
T = 40 ◦C 1.23 1.85 0.959 43.8 0.011 0.999
T = 60 ◦C 1.23 1.76 0.963 43.7 0.010 0.999
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Table 3. Thermodynamic parameters for NO3−-N adsorption by MPB
G◦ (kJ mol−1)
NO3-N C0 (mg L−1) H◦ (kJ mol−1) S◦ (J mol−1 K−1) T = 20 ◦C T = 40 ◦C T = 60 ◦C
100 −4.82 31.17 −9.13 −9.76 −10.38
200 −6.19 23.31 −6.83 −7.30 −7.76
300 −6.66 18.50 −5.42 −5.79 −6.16
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Figure 8. Effect of ionic strength on the NO3−-N uptake by MPB
(C0 = 200 mg L−1).
Thermodynamic study
The NO3− sorption onto the MPB was investigated at three
different temperatures. The results showed that the NO3−-
N sorption capacity decreased as the temperature increased.
That indicated that the NO3−-N sorption is more favorable at
lower temperature. The three basic thermodynamic parameters,
standard free energy (G◦) (J mol−1), standard enthalpy (H◦)
(J mol−1) and standard entropy (S◦) (J mol−1 K−1), were
calculated using the following equations.
G◦ = H◦ − TS◦ (9)
lnKd =
(
S◦
R
)
−
(
H◦
RT
)
(10)
The values of H◦ and S◦ were determined from plots of lnKd
versus 1/T along with the values of G◦ (Table 3) and were derived
from the Van’t Hoff Equation.33
The values of H◦ were determined at −4.82, −6.19 and
−6.66 kJ mol−1 for NO3−-N concentrations of 100, 200 and 300 mg
L−1 respectively. S◦ was determined at 31.17, 23.31 and 18.50 J
mol−1 K−1 for 100, 200 and 300 mg L−1 NO3−-N respectively.
Finally G◦ was found to be negative for all three (3) NO3−-
N concentrations at temperatures 20 ◦C, 40 ◦C and 60 ◦C. The
negative values of G◦ and H◦ indicated that the sorption
process is exothermic and spontaneous. The positive values of
S◦ suggested an increase in the degree of freedom at the
solid-liquid interface.
Desorption and reusability results
Desorption tests were conducted using NaCl solutions with
concentrations ranging between 0.1 and 2 mol L−1.34 The results
indicated that 0.2 mol L−1 NaCl solution effectively desorbed
NO3−-N from MPB at 99.4%. Reusability experiments were
therefore conducted using 0.2 mol L−1 NaCl. After five consecutive
sorption/desorption cycles, the sorption capacity decreased from
30.3 mg g−1 in the first cycle to 29.7 mg g−1 in the fifth cycle, while
the recovery of the NO3− ions decreased from 97.9% to 95.4%.
No MPB loss occurred during the five sorption/desorption cycles.
The small amount of NO3− not recovered during the regeneration
experiments might have been caused by strongly bound NO3−,
resulting in a lower sorption capacity.
CONCLUSIONS
This study demonstrated an alternative route to the quaternization
of agricultural waste wood residues using green chemistry, and
the use of the quaternized residues as anion exchangers for the
removal of NO3− from water. NO3− uptake by the developed
MPB occurred rapidly and reached equilibrium within 15 min.
The adsorption was strongly pH and ionic strength dependent.
The Langmuir isotherm adsorption model provided a better fit
to the adsorption data, suggesting monolayer adsorption. The
negative values of G◦ and H◦ indicated that the adsorption
of NO3−is spontaneous and exothermic. The Zeta potential
measurements indicated that NO3− removal by MPB was achieved
mainly by electrostatic interactions between NO3− anions and the
quaternary amine functional groups in MPB. The anion exchange
resins developed in this research could potentially be used for
the removal of other anions of environmental concern such as
perchlorate, arsenate, chromate and others, which could be the
subject of future research. Similarly, the quaternization method
used in this research could be potentially extended to other
lignocellulosic materials or textiles.
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